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Fig. 3. The Lagrangian-free functions y (s ) of (37) to (40) for Gray-mapped square-shaped QAM constellations. As s becomes lower, y (s ) asymptotically
approaches 0.5. Observe that while y (s ) and y (s ) are monotonic functions, y (s ) and y (s ) cross the y =0 :5 line.
where the function is defined as
(36)
which does not contain the Lagrangian multiplier and, hence,
will be referred to as the “Lagrangian-free function.”
This function can be physically interpreted as the normalized
BER difference between the adjacent adaptive-modula-
tion modes. For example, quantifies
the BER increase when switching from the No-Tx mode
to the binary phase-shift keying (BPSK) mode, while
indicates the BER difference
between the QPSK and BPSK modes. These curve will be more
explicitly discussed in the context of Fig. 3. The significance
of (35) is that the relationship between the optimum switching
levels , where , and the lowest optimum
switching level is independent of the underlying propagation
scenario. Only the constituent adaptive-modulation mode
related parameters, such as , and govern this
relationship.
As an example, let us consider the five-mode AQAM scheme
introduced in Section II-B. The parameters of the five-mode
AQAM scheme are summarized in Table I. Substituting these
parameters into (35) and (36), we have the following:
(37)
(38)
(39)
(40)
The Lagrangian-free functions of (37) to (40) are depicted in
Fig. 3 for Gray-mapped square-shaped QAM.
As these functions are basically linear combinations of BER
curvesassociatedwithAWGNchannels,theyexhibit“waterfall-
like” shapes and asymptotically approach 0.5 as the switching
levels approach zero (or , expressed in decibels). While
and are monotonic functions, and
cross the line at dB and dB,
respectively, as can be observed in Fig. 3(b). One should also
notice that the trivial solutions of (35) are at ,
, 2, 3, 4, as we have discussed in Appendix C.
For a given value of , the other switching levels can be de-
termined as , and
. Since deriving the analytical inverse function of
is an arduous task, we can rely on a graphical or a numer-
ical method. Fig. 3(b) illustrates an example of the graphical
method. Specifically, when , we first find the point on
the curve directly above the abscissa value of , and then
draw a horizontal line across the corresponding point. From the
crossover points found on the curves of , , and , with
the aid of the horizontal line, we can find the corresponding
values of the other switching levels, namely those of , ,
and . In a numerical sense, this solution corresponds to a 1-D
root-findingproblem[17,Ch.9].SincethefirstLagrangian-free
equation is given as according to (36),
is monotonic and is restricted to the range of
. In general, however, for may not be mono-
tonic,potentiallyresultinginmultiplerootsthatsatisfy
. Nevertheless, as we argued in Appendix C, we can es-
tablish a unique relationship between and without jeop-
ardizing the optimality in our average SNR range of interest.
The numerical results shown in Fig. 4 represent the direct rela-
tionship between the optimum switching level and the other
optimum switching levels, namely , and . While the op-
timum value of shows a near-linear relationship with respect
to , those of and asymptotically approach two different
constants, as becomes smaller. This corroborates the trends
observedinFig.3(b),where and crossthe
line at dB and dB, respectively. Since
the low-order modulation modes are abandoned at high average
channel SNRs in order to increase the average throughput, the544 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 52, NO. 3, MAY 2003
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Fig. 7. The average BER and average throughput performance of a six-mode adaptive square QAM scheme operating over a flat Rayleigh channel (m =1 ).
(a) The constant target average BER is maintained over the entire range of the average SNR values up the avalanche SNR. (b) The average BPS throughput of the
equivalentconstant-poweradaptiveschemeiscomparedtotoGoldsmith’sschemes[15].The“Goldsmith1”and“Goldsmith2”schemesrepresentavariable-power
adaptive scheme employing a hypothetical continuously variable BPS QAM modulation modes and square QAM modes, respectively. The “Goldsmith 3” scheme
represents the simulation results associated with the discrete-power adaptive square QAM scheme reported in [15].
channel can be expressed with the aid of [30, (14-4-15)] as
(44)
where is defined as
(45)
and, again, the set of constants { } is given in Appendix A.
The optimum switching levels of adaptive square QAM were
studied in Section III as an example.
The average BER of our six-mode adaptive square QAM
scheme operating over a flat Rayleigh-fading channel is de-
picted in Fig. 7(a), which shows that the modem maintains the
required constant target BER until it reaches the BER curve
of the specific fixed-mode modulation scheme employing the
highest order modulation mode, namely 256 QAM. It then fol-
lows the BER curve of the 256-QAM mode. The various gray
lines in the figure represent the BER of the fixed constituent
modulation modes for transmission over a flat Rayleigh-fading
channel. An arbitrarily low-target BER could be maintained at
the expense of a reduced throughput.
The average throughput is shown in Fig. 7(b), together with
the estimated channel capacity of the narrow-band Rayleigh
channel [12] and [13], along with the throughput of several
variable-power, variable-rate modems reported in [15]. Specif-
ically, Goldsmith and Chua [15] studied the performance of
their variable-power, variable-rate adaptive modems based on a
BER bound of -ary square QAM, rather than using an exact
BER expression. Since our adaptive square QAM schemes do
not vary the transmission power, our scheme can be regarded as
a suboptimal policy [15]. However, the throughput performance
of Fig. 7(b) shows that the SNR degradation is within 2 dB in
the low SNR region and within half a decibel in the high-SNR
region, in comparison to the ideal continuously variable-power
adaptive QAM scheme employing a range of hypothetical
continuously variable BPS throughput-based, rather than
discrete-throughput-based QAM modes [15], represented as
the “Goldsmith 1” scheme in the figure. Goldsmith and Chua
[15] also characterized the performance of a variable-power,
discrete-rate as well as that of a discrete-power, discrete-rate
scheme, which we represented as the “Goldsmith 2” and
“Goldsmith 3” schemes in Fig. 7(b), respectively. It can be seen
in Fig. 7(b) that the optimum AQAM scheme outperforms the
“Goldsmith 2” and “Goldsmith 3” schemes in the high-SNR
region, even though we kept the power constant.
Fig. 8(a) depicts the average BPS throughput of our
various adaptive square QAM schemes operating over a
Rayleigh channel associated with at the target BER of
10 . Fig. 8(a) shows that even though the constituent
modulation modes of our adaptive schemes do not include
3-, 5-, and 7-BPS constellations, the average BPS throughput
steadily increases without undulations. Compared to the
fixed-mode square QAM schemes operating over an AWGN
channel, our adaptive schemes require additional SNRs of less
than 3.5 dB when the throughput is below 6.5 BPS. Let us now
investigate the effects of the Nakagami fading parameter on
the average BPS throughput performance of the adaptive square
QAM schemes, observing Fig. 8(b).The BPS throughput of
the fixed-mode square QAM schemes for transmission over an
AWGN channel is depicted in Fig. 8(b) as the ultimate perfor-
mance limit achievable by the adaptive schemes operating over
Nakagami-fading channels. As the Nakagami fading parameter
increases from 1 to 2 and to 6, the SNR gap between the
adaptive schemes operating over a Nakagami-fading channel
and the fixed-mode schemes operating over an AWGN channel
decreases. When the average SNR is less than dB, the
average BPS throughput of our adaptive schemes decreases
when the fading parameter increases. The rationale of thisCHOI AND HANZO: MODE-SWITCHING-ASSISTED SINGLE- AND MULTICARRIER ADAPTIVE MODULATION 545
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Fig. 8. The average BPS throughput of various adaptive-square QAM schemes operating over a Nakagami-fading channel at the target BER of P =1 0 .
(a) The fading severity parameter m =1 .The markers “￿” and “￿”represent the required SNR of the corresponding fixed-mode square QAM schemes achieving
the same target BER as the adaptive schemes, operating over an AWGN channel and a Rayleigh channel, respectively. (b) As m increases, the average throughput
of the adaptive modem approaches the throughput of the corresponding fixed-square QAM modems operating over an AWGN channel.
(a) (b)
Fig. 9. The switching levels and the MPS of the six-mode adaptive-square QAM scheme operating over Nakagami-fading channels at the target BER P =
10 . The bold lines are used for the fading parameter of m=6 and the gray lines are for m=1 in (a).
phenomenon is that as the channel becomes more and more
like an AWGN channel due to increasing parameter, the
probability of activating the BPSK mode is reduced, resulting
in more frequent activation of the No-Tx mode and, hence, the
corresponding average BPS throughput inevitably decreases.
We can also observe that the average BPS throughput recorded
for the fading parameter of exhibits an undulating
curve. For example, an increased value results in a limited
improvement of the corresponding average BPS throughput
near the throughput values of 2.5, 4.5, and 6.5 BPS. This is be-
cause our adaptive square QAM schemes do not use 3-, 5-, and
7-BPS constituent modes. Fig. 9(a) depicts the corresponding
optimum mode-switching levels for the six-mode adaptive
square QAM scheme. The black lines represent the switching
levels when the Nakagami fading parameter is and the
gray lines when . In general, the lower the switching
levels, the higher the average BPS throughput of the adaptive
modems. When the Nakagami fading parameter is ,
the switching levels decrease monotonically, as the average
SNR increases. However, when the fading severity parameter is
, the switching levels fluctuate, exhibiting several local
minima around 12, 18, and 24 dB. In general, the optimum
switching levels become higher as the average SNR becomes
higher. However, the switching level curves undulate because,
as the average SNR becomes higher, the next higher throughput
modulation mode becomes predominantly selected and the
average target BER cannot be maintained unless the switching
levels are increased. In the extreme case of , i.e., when
operating over an AWGN-like channel, the switching levels
would be and for other values in the
SNR range of dB dB,
and when we have dB dB,
except for when the SNR is in the range
of dB dB. Finally, we have forCHOI AND HANZO: MODE-SWITCHING-ASSISTED SINGLE- AND MULTICARRIER ADAPTIVE MODULATION 547
(a) (b)
Fig. 11. The average BPS throughput and the required SNR of the MRC-aided antenna-diversity assisted adaptive-square QAM scheme operating over
independent Rayleigh-fading channels at the target average BER of P = 10 . The markers represent the corresponding fixed-mode square QAM
performances in (a).
(a) (b)
Fig. 12. MIPs of the wireless asynchronous transfer mode (W-ATM) indoor channel [2, Ch. 20] and that of the bad-urban reduced-model A (BU-RA) channel
[32].
TheschematicofourRAKEreceiverand antennadiversity
assisted adaptive quadrature amplitude modulation (AQAM)
system is illustrated in Fig. 13. For the sake of analytical
tractability we assume that each antenna experiences an iden-
tical MIP, while each diversity branch experiences independent
Rayleigh fading. Our 2-D RAKE assisted fixed-mode QAM
schemes are analyzed in Appendix E and the characteristic
parameters of the 2-D RAKE assisted AQAM scheme are
also given in Appendix F. Hence, the performance of our
2-D-RAKE assisted AQAM scheme employing the optimum
switching levels can be readily characterized.
The average BPS throughputs of our 2-D-RAKE assisted
adaptive schemes operating over the two different types of
wide-band channel scenarios is presented in Fig. 14 for the
target BER of 10 . The throughput performance
depicted corresponds to the upper-bound performance of
direct-sequence code division multiple access (DS-CDMA)
or multicarrier CDMA employing RAKE receivers and that
of the MRC-aided diversity-assisted scheme in the absence of
multiple access interference (MAI). We can observe that the
BPS throughput curves undulate when the number of antennas
increases. This effect is more pronounced for transmission
over the BU-RA channel, since this channel exhibits six multi-
path components, increasing the available diversity potential of
the system approximately by a factor of two in comparison to
that of the W-ATM channel. The performance of our adaptive
scheme employing more than three antennas for transmission
over the BU-RA channel could not be obtained owing to
numerical instability, since the associated curves become
similar to a series of step-functions, which is not analytic in
mathematical terms.
The corresponding mode-switching levels and mode-selec-
tion probabilities are shown in Fig. 15. Again, the switching
levels heavily undulate. The mode-selection probability curve
of BPSK has a triangular shape, increasing linearly, as the
average SNR increases to 2.5 dB and decreasing linearlyCHOI AND HANZO: MODE-SWITCHING-ASSISTED SINGLE- AND MULTICARRIER ADAPTIVE MODULATION 549
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Fig. 14. The effects of the number of diversity antennas on the average BPS throughput of the 2-D RAKE assisted six-mode adaptive square QAM scheme
operating over the wideband independently. Rayleigh-fading channels characterized in Fig. 9 at the target BER of P = 10 . The number of diversity antennas
is D.
Fig. 15. The mode-switching levels and mode-selection probability of the 2-D RAKE assisted six-mode adaptive square QAM scheme using D = 3 antennas
operating over the BU-RA channel characterized in Fig. 13 at the target BER of P = 10 .
markers “ ” and “ ” to those of the fixed-mode MC-CDMA
schemes.
It can be observed that fixed-mode MC-CDMA has the po-
tential to outperform A-OFDM, when the underlying channel
provides sufficient diversity due to the high number of resolv-
able multipath components. For example, the performance of
fixed-mode MC-CDMA operating over the W-ATM channel
of Fig. 12(a) is slightly lower than that of A-OFDM for the
BPS range of less than or equal to 6 BPS, owing to the insuffi-
cient diversity potential of the wide-band channel. On the other
hand, fixed-mode MC-CDMA outperforms A-OFDM when the
channel is characterized by the BU-RA model of Fig. 12(b).
We have to consider several factors in order to resolve whether
fixed-modeMC-CDMA is capable ofoutperforming A-OFDM.
Firstly, fully loaded MC-CDMA, which can transmit the same
number of symbols as OFDM, suffers from multicode interfer-
ence and our simulation results showed that the SNR degrada-
tion is about 2–4 dB at the BER of 10 , when the minimum
mean square error block decision feedback equalizer (MMSE-
BDFE) [40] based joint detector is used at the receiver. Con-
sidering these SNR degradations, the throughput of fixed-mode
MC-CDMA using the MMSE-BDFE joint detection receiver
falls just below that of the A-OFDM scheme when the channel
is characterized by the BU-RA model. On the other hand, the
adaptive schemes may suffer from inaccurate channel estima-
tion/predictionandmodemmodesignalingfeedbackdelay[15].
Hence, the preferred order of the various schemes may depend
on the channel scenario encountered, on the interference ef-
fects, and on other practical issues, such as the aforementioned
channel estimation accuracy, feedback delays, etc. In the pre-
vious sections, we have studied various receiver diversity-as-
sistedadaptivesingle-andmulticarriermodems.Inthenextsec-
tion, we focus our attention on employing transmit-diversity as-
sisted adaptive transceivers and channel coding.CHOI AND HANZO: MODE-SWITCHING-ASSISTED SINGLE- AND MULTICARRIER ADAPTIVE MODULATION 551
Fig. 18. Transmitter structure and space–time block encoding scheme.
we used a three-path fading channel model, where the average
SNR of each path is given by ,
and . The MIP of the W-ATM channel is illus-
trated in Fig. 12(a) in Section IV-C. Each of the transmit-diver-
sity channels associated with a different antenna is assumed to
exhibit independent Rayleigh fading.
The simulation results related to our uncoded adaptive
modems are presented in Fig. 19. In Fig. 19(a), both the contin-
uous black lines and the related markers drawn in continuous
linesrepresenttheBERs,whiletheirgrayor“halftone”counter-
parts the BPS throughputs. Viewing Fig. 19(a) from a different
perspective, all the lines indicate analytical results, while all the
markers correspond to simulation results. The set of three BER
curves represented by the black lines that are decreasing as
the average SNR increases corresponds to those of fixed-mode
OFDM and the MC-CDMA schemes supporting and
16 users. Since we employed the optimum-switching levels
derived in Section III, both our adaptive OFDM (AOFDM)
and adaptive single-user MC-CDMA (AMC-CDMA) modems
maintain the constant target BER of 10 up to the “avalanche”
SNR value and then follow one of the three BER curves cor-
responding to the fixed 64-QAM mode. However, “full-user”
AMC-CDMA, which is defined as an AMC-CDMA system
supporting users with the aid of a spreading factor
of and employing the MMSE-BDFE joint detection
(JD) receiver [4] and [40], exhibits a slightly higher average
BER than the BER target of 10 due to the fact that
the residual multiuser interference (MUI) of the imperfect
joint detector does not strictly follow a Gaussian distribution.
Since in Section III we derived the optimum-switching levels
based on a single-user system free from MUI, the levels are
no longer optimum when the residual MUI does not follow
the Gaussian distribution. The average throughputs of the
various schemes expressed in terms of BPS steadily increase
and at high SNRs reach the throughput of 64 QAM, namely
6BPS. The throughput degradation of “full-user” MC-CDMA,
imposed by the imperfect JD, was within a fraction of a decibel.
Observe in Fig. 19(a) that the analytical and simulation results
are in good agreement, which we denoted by the lines and
distinct symbols, respectively.
The effects of ST coding on the average BPS throughput
are displayed in Fig. 19(b). Specifically, the four different
styles of thick lines represent the average BPS throughput of
our AMC-CDMA scheme, while the four thin lines represent
those of our AOFDM modem. The four pairs of hollow and
filled markers associated with the four different ST-coded
AOFDM and AMC-CDMA scenarios considered represent
the BPS throughput versus SNR values associated with the
fixed-mode OFDM and fixed-mode MMSE-BDFE JD-assisted
MC-CDMA schemes. Specifically, observe for each of the 1, 2,
and 4 BPS fixed-mode schemes that the right-most markers,
namely the circles, correspond to the 1-Tx/1-Rx scenario,
the squares to the 2-Tx/1-Rx scheme, the triangles to the
1-Tx/2-Rx arrangement, and the diamonds to the 2-Tx/2-Rx
scenarios. First of all, we can observe that the BPS throughput
curves of OFDM and single-user MC-CDMA are close to each
other, namely within 1 dB for most of the SNR range. This
is surprising, considering that the fixed-mode MMSE-BDFE
JD-assisted MC-CDMA scheme was reported to exhibit around
10 dB SNR gain at a BER of 10 and 30 dB gain at a BER
of 10 over OFDM [59]. This is confirmed in Fig. 19(b)
by observing that the SNR difference between the and
markers is approximately 10 dB, regardless whether the 4,
2, or 1 BPS scenario is concerned.
Let us now compare the achievable SNR gains of the adap-
tive modems over the fixed modems. The SNR difference be-
tween the BPS curve of AOFDM and the fixed-mode OFDM
represented by the symbol at the same throughput is approx-
imately 15 dB. The corresponding SNR difference between the
adaptive and fixed-mode 4, 2, or 1 BPS MC-CDMA modem is
approximately 5 dB. More explicitly, since in the context of the
W-ATM channel model [2, p. 474] fixed-mode MC-CDMA ap-
pears to exhibit a 10–dB SNR gain over fixed-mode OFDM, the
additional 5–dB SNR gain of AMC-CDMA overits fixed-mode
counterpartresultsinatotalSNRgainof15dBoverfixed-mode
OFDM. Hence, ultimately, the performance of AOFDM and
AMC-CDMA becomes similar.
Let us now examine the effect of ST block coding. The SNR
gain of the fixed-mode schemes, due to the introduction of a
2-Tx/1-Rx ST block code, is represented as the SNR difference
between the two right-most markers, namely circles and
squares. These gains are nearly 10 dB for fixed-mode OFDM,
while they are only 3 dB for the fixed-mode MC-CDMA
modems. However, the corresponding gains are less than552 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 52, NO. 3, MAY 2003
(a) (b)
Fig. 19. Performance of uncoded five-mode AOFDM and AMC-CDMA. The target BER is P = 10 when transmitting over the W-ATM channel [2, pp.
474]. (a) The constant average BER is maintained for AOFDM and single-user AMC-CDMA, while “full-user” AMC-CDMA exhibits a slightly higher average
BER due to the residual MUI. (b) The SNR gain of the adaptive modems decreases as ST coding increases the diversity order. The BPS curves appear in pairs,
corresponding to AOFDM and AMC-CDMA— indicated by the thin and thick lines, respectively— for each of the four different ST code configurations. The
markers represent the SNRs required by the fixed-mode OFDM and MC-CDMA schemes for maintaining the target BER of 10 in conjunction with the four
ST-coded schemes considered.
1 dB for both adaptive modems, namely for AOFDM and
AMC-CDMA. Since the transmitter power is halved due to
using two Tx antennas in the ST code, a 3–dB channel SNR
penalty was already applied to the curves in Fig. 19(b). The
introduction of a second receive antenna instead of a second
transmit antenna eliminates this 3-dB penalty, which results
in a better performance for the 1-Tx/2-Rx scheme than for the
2-Tx/1-Rx arrangement. Finally, the 2-Tx/2-Rx system gives
approximately 3–4 dB SNR gain in the context of fixed-mode
OFDM and a 2–3 dB SNR gain for fixed-mode MC-CDMA,
in both cases over the 1-Tx/2-Rx system. By contrast, the
SNR gain of the 2-Tx/2-Rx scheme over the 1-Tx/2-Rx based
adaptive modems was, again, less than 1 dB in Fig. 19(b). More
importantly is, for the 2-Tx/2-Rx scenario, the advantage of
employing adaptive-modulation erodes, since the fixed-mode
MC-CDMA modem performs as well as the AMC-CDMA
modem in this scenario. Moreover, the fixed-mode MC-CDMA
modem still outperforms the fixed-mode OFDM modem by
about2 dB.Weconclude thatsince thediversity-orderincreases
with the introduction of ST block codes, the channel quality
variation becomes sufficiently small for the performance
advantage of adaptive modems to erode. This is achieved at
the expense of a higher complexity, due to employing two
transmitters and two receivers in the ST-coded system.
The performance of the concatenated ST block coded and
turbo convolutional coded adaptive modems is depicted in
Fig. 20. We applied the optimum set of switching levels de-
signedinSectionIIIforachievinganuncodedBERof3 10 .
This uncoded target BER was stipulated after observing that it
is reduced by the half-rate, turbo convolutional coding to
a BER below 10 , when transmitting over AWGN channels.
However, our simulation results yielded zero bit errors when
transmitting 10 bits, except for some SNRs when employing
only a single antenna.
Fig. 20(a) shows the BER of our turbo-coded adaptive
modems, when a single transmit and receive antenna is used.
We observe in the figure that the BER reaches its highest value
around the “avalanche” SNR point, where the adaptive-mod-
ulation scheme consistently activates 64 QAM. The system
is most vulnerable around this point. In order to interpret this
phenomenon, let us briefly consider the associated channel
interleaving aspects. For practical reasons, we have used a
fixed turbo interleaver length of bits. When the
instantaneous channel quality was high, the bits
were spanning a shorter time-duration during their passage
over the fading channel, corresponding to a reduced number
of modulated symbols since the effective BPS throughput was
high. Hence, the channel errors appeared more bursty than
in the lower-throughput AQAM modes, which conveyed the
bits over a longer time duration, corresponding to
a higher number of modulated symbols and, hence, dispersing
the error bursts over a longer duration of time. The uniform
dispersion of erroneous bits versus time enhances the error-cor-
rection power of the turbo code. On the other hand, in the SNR
region beyond the “avalanche” SNR point seen in Fig. 20(a),
the system exhibited a lower uncoded BER, reducing the
coded BER even further. This observation suggests that further
research ought to determine the set of switching thresholds
directly for a coded adaptive system, rather than by simply
estimating the uncoded BER, which is expected to result in
nearly error-free transmission.
We can also observe in Fig. 20(a) that the turbo-coded BER
of AOFDM is higher than that of AMC-CDMA in the SNR rage
of 10–20 dB, even though the uncoded BER is the same. This
appears to be the effect of the limited exploitation of frequency
domain diversity of coded OFDM, compared to MC-CDMA,
which leads to a more bursty uncoded error distribution, hence
degrading the turbo-coded performance. The fact that ST
block coding aided multiple antenna systems shows virtually
error-free performance corroborates our argument.
Fig. 20(b) compares the throughputs of the coded adaptive
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Fig. 20. Performance of the concatenated ST block-coded and turbo-convolutional-coded adaptive OFDM and MC-CDMA systems over W-ATM channel of [2,
p. 474]. The uncoded target BER is P = 3￿10 . The coded BER was less than 10 for most of the SNR range, resulting in virtually error-free transmission.
(a) The coded BER becomes higher near the “avalanche” SNR point when a single antenna was used. (b) The coded adaptive modems have SNR gains up to 7 dB
compared to their uncoded counterparts, achieving a comparable average BER.
parable average BER. The SNR gains due to channel coding
were in the range of 0–8 dB, depending on the SNR region and
on the scenarios employed. Each bundle of throughput curves
corresponds to the scenarios of 1-Tx/1-Rx OFDM, 1-Tx/1-Rx
MC-CDMA, 2-Tx/1-Rx OFDM, 2-Tx/1-Rx MC-CDMA,
1-Tx/2-Rx OFDM, 1-Tx/2-Rx MC-CDMA, 2-Tx/2-Rx OFDM,
and 2-Tx/2-Rx MC-CDMA, starting from the far right curve,
when considered for throughput values higher than 0.5 BPS.
The SNR difference between the throughput curves of the
ST and turbo coded AOFDM and those of the corresponding
AMC-CDMA schemes was reduced compared to the uncoded
performance curves of Fig. 19(b). The SNR gain owing to
ST block coding assisted transmit diversity in the context of
AOFDM and AMC-CDMA was within 1 dB due to the halved
transmitter power. Therefore, again, ST block coding appears to
be less effective in conjunction with adaptive modems. Phrased
from a different perspective, the advantages of adaptive-mod-
ulation erode in conjunction with multiple transmitters and
receivers since both techniques attempt to mitigate the effects
of channel quality fluctuations.
In conclusion, the performance of ST block coded con-
stant-power adaptive multicarrier modems employing optimum
SNR-dependent modem mode-switching levels were inves-
tigated in this section. The adaptive modems maintained the
constant target BER stipulated, while maximizing the average
throughput. As expected, it was found that ST block coding
reduces the relative performance advantage of adaptive mod-
ulation, since it increases the diversity order and eventually
reduces the channel quality variations. When turbo convolu-
tional coding was concatenated to the ST block codes, nearly
error-free transmission was achieved at the expense of halving
the average throughput. Compared to the uncoded system,
the turbo-coded system was capable of achieving a higher
throughput in the low SNR region at the expense of a higher
complexity. The study of the relationship between the uncoded
BER and the corresponding coded BER showed that adaptive
modems obtain higher coding gains than that of fixed modems.
This was due to the fact that the adaptive modem avoids burst
errors even in deep channel fades by reducing the number of
bits per modulated symbol, eventually to zero.
V. SUMMARY AND CONCLUSION
Wecharacterizedtheperformanceofvarious constant-power,
adaptive-modulation schemes using the globally optimum
switching levels based on the Lagrangian technique. In Sec-
tion II-C1, the closed-form expressions were derived for the
average BER, the average BPS throughput, and the MPS of
the adaptive-modulation schemes, which were shown to be
dependent on the mode-switching levels as well as on the
average SNR. A set of relationships between the optimum
mode-switching levels of a generic constant-power adap-
tive-modulation scheme was provided, where the relationships
hold regardless of the operating channel scenario. The globally
optimum switching levels were derived such that the average
BER remains at the constant target average BER, while
achieving the maximum possible BPS throughput for the given
average SNR.
Then,inSectionIV-AtheperformanceofuncodedAQAMwas
characterized, when the underlying channel was a Nakagami-
fadingchannel.Itwasfoundthatanadaptiveschemeemploying
a -BPS fixed-mode as the highest throughput constituent
modulationmodeachievedthehighestpossibleBPSthroughputs
achievable by any link adaptation for the given SNR up to
BPS. For example, a three-mode AQAM scheme employing
No-Tx, 1-BPS BPSK, and 2-BPS QPSK modes attained the
maximum possible average throughput up to 1 BPS. Hence,
adding higher-throughput modes, such as 4-BPS 16-QAM to
the three-mode AQAM scheme, which resulted in a four-mode
AQAMschemedidnotachieveabetterBPSperformanceacross
the throughput range below 1 BPS. Instead, this four-mode
AQAM scheme extended the maximal achievable average BPS
throughputoftheAQAMschemeto2BPS,whileasymptotically
achieving a throughput of 3 BPS as the average SNR increases.554 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 52, NO. 3, MAY 2003
On the other hand, the relative SNR advantage of adaptive
schemes increased in comparison to fixed-mode schemes as
the target average BER became lower and decreased as the
fading became less severe. More explicitly, less-severe fading
corresponds to an increased Nakagami fading parameter ,t o
an increased number of diversity antennas, or to an increased
number of multipath components encountered in wide-band
fading channels. As the fading becomes less severe, the average
BPS throughput curves of our adaptive square QAM schemes
exhibit undulations owing to the absence of 3-, 5-, and 7-BPS
square QAM modes.
The comparisons between fixed-mode MC-CDMA and
adaptive OFDM (AOFDM) were made based on a number of
different channel models in an effort to verify the applicability
of our conclusions for different propagation scenarios. In
Section IV-D, it was found that fixed-mode MC-CDMA might
outperform adaptive OFDM, when the underlying channel
provides sufficient diversity. However, this conclusion has
to be verified by further research under more practicable
conditions, since in practice MC-CDMA might suffer from
MUI and AOFDM might suffer from imperfect channel-quality
estimation and feedback delays.
Concatenated ST block-coded and turbo-convolu-
tional-coded adaptive multicarrier systems were investigated in
Section IV-E. The coded schemes reduced the required average
SNR by about 6–7 dB at a throughput of 1 BPS, achieving near
error-free transmission. It was also observed in Section IV-E
that increasing the number of transmit antennas in adaptive
schemes was not very effective, achieving less than 1-dB SNR
gain, due to the fact that the transmit power per antenna had
to be reduced in order to limit the total transmit power for the
sake of fair comparison. In conclusion, adaptive modulation
can be viewed as the lower complexity solution mitigating
the wireless channel’s quality fluctuations in comparison to
multiple transmit- and receive-antenna-assisted ST-coded
systems [4]. Additionally, it is important to note that while a
conventional fixed-mode transceiver simply drops a call when
the instantaneous channel quality is below a certain level, the
adaptive transceivers drop their throughput, which is increased
again during instances of high channel quality. This powerful
technique has the potential for doubling the teletraffic capacity
of the network when supported by intelligent networking
procedures, as demonstrated by the results of [60].
APPENDIX A
BER OF QAM OVER AWGN CHANNEL
The BER of fixed-mode QAM schemes communicating over
AWGN channel is given as [2]
(46)
where is the Gaussian -function defined as
and { } is a set of modulation mode
dependent constants. For the Gray-mapped square -ary QAM
modulation modes associated with , 4, 16, 64, and 256,
the sets { } are given as [2], [61], [62]
(47)
APPENDIX B
MODE-SPECIFIC AVERAGE BER OF AN
ADAPTIVE MODULATION SCHEME
A closed-form solution for the “mode-specific average BER”
of a maximal ratio combining (MRC) receiver using th order
antenna diversity for transmission over independent Rayleigh
channels is derived, where the “mode-specific average BER”
refers to the BER of the adaptive-modulation scheme, while ac-
tivating one of its specific constituent modem modes. The pdf
of the channel SNR is given as [30, eq. (14-4-13)]
(48)
where is the average channel SNR. Since the pdf of the in-
stantaneous channel SNR when communicating over a Nak-
agami-fading channel is given as
(49)
the following results can also be applied to a Nakagami-fading
channel with a simple change of variable given as and
.
The mode-specific average BER is defined as
(50)
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where . Applying integra-
tion-by-part or and noting that
(50) becomes
(52)
where
(53)
and . Let us consider for the case of
(54)
Upon introducing the variable and exploiting
that ,w eh a v e
(55)
Applying integration-by-part once to (53) yields
(56)
which is a recursive form with the initial value given in (55).
For this recursive form of (56), a nonrecursive form of can
be expressed as
(57)
By substituting of (57) into (52), the regional BER
can be represented in a closed form.
APPENDIX C
RELATIONSHIP BETWEEN OPTIMUM SWITCHING LEVELS
The optimum set of switching levels should satisfy
(58)
where , and were given in (31), (28),
and (8), respectively. The following results are helpful in evalu-
ating the partial differentiations in (58):
(59)
(60)
(61)
Using (59) and (60), the partial differentiation of , defined in
(28) with respect to , can be written as
(62)
where is the BPS throughput of an -ary modem. Since the
average throughput is given by in (8),
the partial differentiation of with respect to can be written
using (61)
(63)
where was definedas inSection II-A. Hence,
(58) can be evaluated as
for (64)
A trivial solution of (64) is . Certainly,
{ } satisfies this condition.
Again, the lowest throughput modulation mode is “No-Tx”
in our model, which corresponds to no transmission. When
the pdf of satisfies ,{ }
can also be a solution, which corresponds to the fixed-mode
-ary modem. The corresponding avalanche SNR ,
defined as the SNR beyond which only the highest throughput
AQAM mode is used, can be obtained by substituting
{ } into (34), which satisfies
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, where upon exploiting (11) and (28) we
have
(76)
(77)
When applying l’Hopital’s rule and using (59) through (63), we
have
(78)
(79)
(80)
implying that approaches zero from positive values
when tendsto .Since,according to(11),(28),and(41),the
function can be written as ,w eh a v e
(81)
(82)
(83)
Hence, asymptotically approaches zero from
negative values, as tends to . From the analysis of the
minimum and the maxima, we can conclude that the constraint
function defined in (41) has a unique zero only
if 0 at a switching value of , where
satisfies . By contrast, when
0 , the optimum switching levels are all zero and
the adaptive-modulation scheme always employs the highest
order constituent modulation mode.
APPENDIX E
BER OF 2-D RAKE ASSISTED QAM
An ideal RAKE receiver [33] combines all the signal powers
scattered over paths in an optimal manner so that the instan-
taneous SNR per symbol at the RAKE receiver’s output can be
maximized [30]. The noise at the RAKE receiver’s output is
known to be Gaussian [30]. The SNR at the th ideal RAKE
receiver’s output in Fig. 13 is given as [30]
(84)
where and { }areassumed tobe normal-
ized, such that becomes unity. Since we assumed
that each multipath component has an independent Rayleigh
distribution, the characteristic function of can be represented
as [30, p. 802]
(85)
where . Let us assume furthermore that
each of the diversity channels of Fig. 13 has the same MIP,
althoughinpracticalsystemseachofthe channelsmayhavea
differentMIP.Underthisassumption, in(85)canbewritten
as . The total SNR per symbol, , at the output of the com-
biner in front of the demodulator depicted in Fig. 13, is given as
(86)
while the characteristic function of , under the assumption of
independent identical diversity channels, can be formulated as
(87)
Applyingthewell-knowntechniqueofpartialfractionexpan-
sion (PFE) [26], can be expressed as
(88)
wheretheconstant can befoundbyequating(87) and(88).
The pdf of , can be found by applying the inverse
Fourier transform of in (88), which is given, with the
aid of [30, p. 781, Eq. (14-4-13)] by
(89)
Since we now have the pdf of the channel SNR, let us
calculate the average BER of -ary square QAM employing
Gray mapping. The average BER can be expressed as [2],
[30]
(90)
where is the BER of -ary square QAM employing
Gray mapping for transmission over Gaussian channels [2]
(91)
where is the Gaussian -function defined as
and { } is a set of modulation mode
dependent constants, which are given, for example, in [2] and
[62]. The average BER of -ary QAM in our scenario can be
calculated by substituting of (91) and of (89) into
(90)
(92)
(93)